Over the past decade the importance of signaling from reporter molecules inside live cells and tissues has been clearly established. Biochemical events related to inflammation, tumor metastasis and proliferation, and viral infectivity and replication are examples of processes being further defined as more molecular tools for live cell measurements become available. Moreover, in addition to quantitating parameters related to physiologic processes, real-time imaging of molecular interactions that compose basic cellular activities are providing insights into understanding disease mechanisms as well as extending clinical efficacy of therapeutic regimens. In this review the use of highly cell-permeable fluorogenic substrates that report protease activities inside live cells is described; applications to defining the molecular events of two cellular processes, i.e., apoptosis and cell-mediated cytotoxicity, are then illustrated.
Introduction
Direct measurement of biologically active molecules in physiologically relevant environments is essential and has become of critical importance in the post genomics/ proteomics era. In contrast to vast databases of complete primary structures derivable from gene sequencing, data on molecular activities and functions are still relatively weak; furthermore, although the development of new bioinformatic tools has greatly improved the processing of information gathered from genomic and proteomic screening efforts, attempts to deduce structure/activity relationships by various sequence homology analyses of given genes within known families of proteins/genes can only yield potential properties of given gene products. Confirmation by direct activity measurements is essential. An area in which understanding the linkage between structure and function is particularly important is protease substrate and inhibitor design, as enzymes with 3-dimensional recognition and specific cleavage capability are central to virtually all physiologic processes.
In order to probe the topic of protease structure/function, three major issues must be confronted: (i) the linear versus 3-dimensional structure of proteases and protease targets, (ii) construction/modeling/reconstitution of physiologic environments in which proteolysis occurs and (iii) efficient means to transport reporter molecules into cells without disturbing the physiologic integrity of the system under study. More specific concerns regarding each of these issues are:
First, the information content of a predicted or actual linear amino acid sequence may be severely lacking when contrasted with the same sequence in its native environment as the latter provides a three-dimensional structure that the former lacks. Significantly, the three-dimensional constraints imposed on a sequence in a biochemically active macromolecule may be crucial for the accurate assessment of an enzyme, its physiologic substrates as well as inhibitors and, ultimately, design of new drugs.
Second, ex vivo analyses cannot identify physiologic neighbors or macromolecular targets, both essential for unraveling mechanisms at the whole cell level; nor can the impact of an intracellular milieu be assessed [1, 2] . For example enzymes, which can exist in many, i.e., ac-Beverly Z Packard and Akira Komoriya 239 npg tive, inactive, and latent, forms are often found in nature in complex with naturally occurring inhibitors; only upon an activating event such as a pH change or degranulation of a cytoplasmic compartment will an enzyme-inhibitor complex dissociate thereby enabling the enzyme to assume its active form. The third represents an issue prevalent throughout science: how to measure a function without perturbing the function being measured. In the case of measuring protease activities in living systems efficient means for transport of reporter molecules into cells without disturbing the physiologic integrity of the system under study is the immediate issue. Therefore, intrinsic to the design of the probe must be a mechanism for entry and access to all environments of the cell. In order to achieve this goal the biophysical properties of many intracellular environments (cytosol, cytoplasmic organelles, and nucleus), the plasma membrane (three very distinct environments: the intracellular face, the transmembrane space, and the extracellular side), and the extracellular matrix must be taken into account.
Here we first present the background for protease activity probes, then proceed with a discussion addressing each of these issues with applications designed to test the proposed solutions.
Approaches to protease probe and inhibitor design
Protease specificity has been the subject of many studies and the methodology for optimizing sequences has advanced with the pace of instrument and software development. Existing techniques include identifying cleavage fragments of standard peptides or proteins following exposure to proteases of interest, creating combinatorial and context libraries, engineering phage displays, as well as genetic selection techniques using recently acquired bioinformatic knowledge [3] . However, despite the voluminous analytic database available, most protease activity probes suffer from the three issues described above: specificity, environmental context, and physiologic access.
These deficiencies derive from: (i) use of limited sequence information, often from only one side of a protease target's recognition/cleavage site and (ii) low permeability across membranes of live cells. For example, one class of protease probes uses a few, typically one to four, amino acids from the amino side of a target's recognition/cleavage site flanked by a group in the P 1 ′ site that covalently binds to a protease's active site and in the P 2, 3, 4, or 5 site a fluorophore or other amino terminal blocking group (Figure 1 ) [4] . Since probes with this design lack half of the physiologic side chain interactions and the conformation of the physiologic target, specificity is quite low [5] [6] [7] . And, the relatively limited specificity achievable with this approach is further compromised by the broad reactivity of the functional groups placed in the P 1 ′ position: such activity-based probes can only reveal the presence of a reactive functional group or "active" site geometry, but not necessarily an enzymatic activity. Moreover, since protease probes of this design are not substrates, but suicide inhibitors, detailed measurements of enzyme kinetics are not possible. Additionally, these probes' limited cell permeability necessitates microinjection [8] or use at concentrations elevated considerably beyond physiologic ranges [4] .
Despite these drawbacks, this class of probes has been widely used to assess intracellular protease activities and, recently, has been expanded to in vivo imaging as well as various protease screening/discovery efforts [9] . One such study at the single cell level with a fluoromethylketone probe resulted in a warning for interpretation of exclusive interaction with desired targets due to "certain puzzling observations" that "could not be easily explained by the initially proposed mechanism of binding" [10] . Although specificity has been improved [11] , off-target enzyme staining persists as molecular complexity at the single cell level both in vitro and in vivo presents staining targets not extant in solution, making chemical characterization of tagged targets essential.
Another approach to protease probe design does include sequence information from both sides of the cleavage site. Here, two fluorophores with complementary spectral properties are used such that the emission of one, nominally the donor, is quenched by the second, nominally the acceptor [12] . Upon cleavage, quenching of the fluorescence of the nominal donor is abolished such that monitoring of this fluorophore's emission intensity can serve as a measure of proteolytic activity [13, 14] . In some probes the acceptor is replaced with a nonfluorescent chromophore [15] . (While the idea of heterolabeling a sequence from a known recognition/cleavage site remains a valid tool for protease activity quantitation, particularly in solution, a re-evaluation of the quenching mechanism has indicated a broader mechanism, not limited to heterolabeling [16] ). Drawbacks of this particular approach include lack of cell membrane permeability of most known probes and where the acceptor is a fluorophore the necessity to add filters to most instrumentation.
In order to address the limited permeability problem, elements of each of the above two approaches have been combined with the HIV-1 TAT protein transduction domain (PTD) [17, 18] , a decapeptide that has been useful for delivery of a wide variety of biologically active cargos. In one study a construct containing the TAT-PTD sequence, a tetrapeptide from the amino side of a target recognition/cleavage site, and both a donor and a quencher was synthesized as a probe for proteases inside live cells [19] . The TAT-PTD is believed to transport macromolecules into cells by an initial interaction with cell membrane lipid rafts in a receptor-independent manner, followed by a rapid internalization through macropinocytosis, then a pH drop and destabilization of the integrity of the macropinosome vesicle lipid bilayer, and, ultimately, release of the TATcargo into the cytosol [20] . Due to the strong electrostatic interaction between the basic (eight of the ten amino acids are arginine or lysine) TAT-PTD and the negatively charged cell-surface constituents plus the local cytosolic pH changes required for release, questions regarding cellular viability have arisen. Additionally, uniformity with respect to the percentage of cells taking up the probe and the subcellular distribution of the probe need to be evaluated. The latter is critical since many proteases in live cells are not located in the cytosol and, therefore, probes must be capable of crossing intracellular membranes.
Design of cell permeable probes with enhanced specificity and high cell permeability
In order to address the above-described problems, amino acid sequences consisting of 4 to 12 residues spanning physiologic macromolecular recognition/cleavage sites have been synthesized and incorporated into peptides or peptidyl backbones [16, 21, 22] . Each substrate which contains 12 to 31 amino acids in toto is then homodoubly labeled near its ends with a fluorophore of significant transition dipole strength such that the two covalently-bound fluorophores form an intramolecular noncovalent H-type excitonic dimer [23] [24] [25] (Figure 2 ). Substrates which thereby assume loop-like structures allow for exceptionally high recognition by their cognate proteases due to the presence of not only linear sequences but also conformations that are found in native macromolecules. Notably, cell-permeable probes for members of the four (serine, cyteine, metallo-, and aspartyl) major protease classes have been synthesized and shown to have remarkably high specificity [26] .
Solution studies
Using probes with the design depicted in Figure 2 , protease activities have been measured both in solution and in live cells and tissues. An example of a solution measurement is shown in Figure 3 where ElastoLux ® , a substrate containing the amino acid sequence Ala-Ile-Pro-Nle-Ser-Ile (cleavage between Nle and Ser), based on the cleavage site of nature's best elastase inhibitor, α 1 -antitrypsin, serves as a model substrate. Fluorescence intensity which increases as a function of time after addition of the serine protease elastase was validated by high performance liquid chromatography (HPLC) to correspond to the first cut in the substrate backbone, i.e., between the Nle and Ser residues [16] . Furthermore, spectroscopic data confirmed the presence of the intramolecular dimer in the intact substrate and its destruction upon cleavage of the peptide backbone between these two residues.
Apoptosis: activation of caspase cascades
One of the long-standing problems in protease substrate design has been how to design substrates which can discriminate among members of a closely evolved protease family. An example of the importance of the latter can be found in the voluminous literature of apoptosis which is briefly described as follows: all cells are believed to contain programs which when activated can lead to their own death. The major biochemical pathways of activation include a group of proteases, the caspases, which are characterized by both a catalytic cysteinyl residue and a strong preference for an aspartyl residue in the P 1 position of their substrate recognition sequences. The order of activation of the ca. www.cell-research.com | Cell Research Beverly Z Packard and Akira Komoriya 241 npg 14 (identified) caspases, which depends on variables such as apoptogenic agent/event, cell type, and extracellular environment, has become an important area of study since the precise mechanism of programmed cell death will, one day, probably have profound consequences on treatment of many pathologic conditions. However, even with the extensive database of putative target sequences available [27] , most of the caspase literature is based on substrates and inhibitors which do not clearly distinguish among the various caspase activities. This is largely due to one of the limitations of the substrate/inhibitor design described above: the use of tetrapeptides which contain only amino acid sequences derived from one side (the amino side) of the recognition/cleavage sites in known caspase targets or from combinatorial protease substrate sequence determination/optimization methods [28, 29] . Thus, the use of incomplete protease recognition sequences in these reporters and the resultant lack of native conformations have led to poor discrimination among caspase family members.
To illustrate that the activities of members of this close family of proteases can be clearly distinguished, five octadecapeptides were synthesized targeting five different caspases (caspases 1, 3, 6, 8, and 9) by incorporating sequences from both sides of the recognition/cleavage sites for each caspase [30] . In cases where the physiologic target was known, the full amino acid sequence through the cleavage site was incorporated; for caspase 9 where only amino terminal sequence information was available, the reported optimal tetrapeptide sequence, LEHD, was incorporated with a common carboxyl side sequence. Recombinant caspase 3 was then added to solutions containing each fluorogenic substrate at 1 μM. The data in Figure 4 clearly show that only the substrate containing the sequence DEVDGI, which was derived from poly(ADP-ribose) polymerase (PARP), a physiologic target for caspase 3, was cleaved between DEVD and GI.
Then, a direct comparison of the specificity between substrates for two distinct caspases, caspase 3 and caspase 6, was made ( Figure 5) . Here, the two substrates were derived based on sequence information from both sides of the recognition/cleavage sites of two different physiologic targets, PARP for caspase 3 and nuclear lamin B for caspase 6. Recombinant caspases 3 and 6 were first titrated to yield the same cleavage rate using the caspase 3 tetrapeptide aminofluoromethylcoumarin substrate (DEVD-AFC) (20 μM 
Live cell studies
When an intact substrate with this design is added to a suspension or monolayer of cells in culture, the probe crosses all, i.e., the plasma as well as intracellular organelle, membranes by passive diffusion ( Figure 6A ). Once a substrate is recognized and cleaved by its cognate protease, the cleaved fragments are trapped on the side of the membrane where the protease activity resides [30, 31] . (There is a low, but finite, diffusion rate of fragments across membranes.) It has been found that the intact probes can diffuse across membranes from a vast variety of cell types ranging from yeast to plant embryos and mammalian organisms. Figure  6 shows flow cytometry and confocal microscopy data from cells treated with apoptogenic agents that are known to activate caspase cascades by either intrinsic or extrinsic pathways. By flow cytometry ( Figure 6A ) the bimodality which is characteristic of cell populations being induced to undergo apoptotic death can be observed. Significantly, exclusion of the cell impermeant dye propidium iodide (PI) confirmed the integrity of all plasma membranes [32] . Confocal microscopy imaging ( Figure 6B ) illustrates the differential time of activation and subcellular localization of three different caspases (caspase 9, 6, and 3 in green, red, and blue, respectively). As activation of individual caspases is microenvironment-dependent, accurate subcellular localization is critically important. Thus, use of cell-permeable probes with the capability of discriminating among closely related proteases in live cell environments is essential for not only accurate mechanistic evaluation of the apoptotic process but also drug targeting. (In topics beyond the scope of this manuscript, this probe design is being utilized for protease inhibitor and drug delivery studies.)
Cell-mediated cytotoxicity
The ability of a cytotoxic lymphocyte, e.g., a CD8 + cytotoxic lymphocyte (CTL) or natural killer (NK) cell, to destroy a target cell, e.g., a tumor or virally-infected cell, has been a subject of intense interest to immunologists for considerable time. For almost forty years, the gold standard for measuring this type of activity has been the 51 Cr release assay [33] . Unfortunately, the latter is deficient in many ways [34] : (1) Target cells must be loaded with a radioactive isotope, Na 2 51 CrO 4 , with loading, per se, being inconsistent with respect to both individual cells and cell types. In fact, many, particularly primary, cells do not take up this label to any workable level. (2) The assay is quantitated by release of 51 Cr from targets following addition of effectors; the readout which is from the bulk cellular population not only results in high backgrounds but also precludes single cell quantitation. Additionally, multiplex readouts such as phenotyping individual dying target cells are not possible. However, the third and most critical shortcoming of the 51 Cr release assay as well as recent attempts to utilize more modern instrumentation, e.g., flow cytometry, is that all rely on physical destruction of the target cell plasma membrane. Importantly, destruction of membrane permeability is not a direct biochemical activity of cytotoxic lymphocytes. For example, the PI signal from intercalation into target cell DNA, which is used as a readout in many cytotoxicity studies, is a relatively late consequence of the plasma membrane permeability increase (vide supra) generated by the lethal hit from effectors. With this background the above-described probe design was applied toward quantitating a very early biochemical event in cell-mediated Figure 5 Criss-cross specificity comparison between rCaspase 3 and rCaspase 6. rCaspase 6 cleaved the sequence (-LVEID′NG-) from the caspase 6 target nuclear lamin B but not from the Caspase 3 target (-DEVD′GI-) PARP while rCaspase 3 showed the opposite specificity. Beverly Z Packard and Akira Komoriya 243 npg cytotoxicity, namely, entry of the serine protease granzyme B (GzB) into target cells [35] . Although effector cells synthesize GzB, it is proteolytically inactive in CTLs and NK cells due to the acidic pH of their cytoplasmic granules where this protease, perforin and other components believed to be essential for effector cell assault on targets are stored. However, once GzB enters the cytosol of target cells where the pH is neutral, the molecule becomes enzymatically active and is able to process target cell procaspases. Therefore, a cell permeable fluorogenic probe derived from the physiological macromolecular substrate for GzB, DNA-dependent protein kinase catalytic subunit, was synthesized to serve as a direct biochemical measure of CTL/NK activity. The appearance of GzB activity in the cytoplasm of target cells can be used at the single cell level to both quantitate and image attack by effector cells.
In this assay (Figure 7 ), target cells are first labeled with a probe whose fluorescence is complementary to that of the cleaved GzB substrate. Effectors are then added in the presence of the substrate, cells are coincubated for a defined time, typically, one hour, and then examined at the single cell level by flow cytometry, microscopy, or other cytometric instrumentation ( Figure 7A) . Measurement of the lethal hit on target cells by effectors prior to changes in target membrane permeability ( Figure 7B ) which both 51 Cr release and the earlier flow cytometry methodologies depend upon is enabled. Figure 8 shows quantitation of GzB activity delivered from either CTLs or NK cells into the cytoplasm of three different targets (Jurkat, K562, and Daudi cells). The assay has also been used with primary cells to assess suppressed cytolytic activity from subsets of lymphocytes in immunocompromised (AIDS) patients [36] , to identify human tumor targets for NK cells [37] , and to study T-cell regulation of cytotoxicity [38] .
In addition to measuring the introduction of a molecule capable of inducing a lethal hit inside a live target cell, the caspase substrates originally designed for single cell quantitation following apoptogenic induction by classical intrinsic or extrinsic apoptogens can be utilized for confirmation of (ii) DIC and caspases 9, 6, and 3 (iii) caspases 9, 6, and 3 (iv) caspases 9 and 6 (v) caspases 6, and 3 (vi) caspases 9 and 3 (vii) caspase 9 (viii) caspase 6 and (ix) caspase 3.
An intact substrate crosses all membranes by passive diffusion.
Once a substrate is recognized and cleaved by its cognate protease, cleaved fragments are trapped on the membrane where the protease activity resides. Thers is a low, but finite dirfusion rate of the fragments across membranes. the lethality of a GzB hit [39] [40] [41] [42] . Furthermore, simultaneous use of complementarily labeled cell permeable fluorogenic substrates for GzB and caspase 3 has indicated that GzB activity precedes caspase 3 activity inside every cell examined by both flow cytometry and microscopy [35] . Also, as previous studies had provided conflicting data for the effect of the anti-apoptotic factor Bcl-2 in target cells, the apoptotic pathway utilized by GzB was examined. It was clearly shown by both activation of caspases following the introduction of GzB and the appearance of the morphologic hallmarks of apoptosis, i.e., membrane blebbing and transient swelling, that Bcl-2 is unable to limit cell death mediated by cytotoxic lymphocytes. These results point to the death pathway initiated by entry of GzB into target cells short-circuiting the well-documented intrinsic and extrinsic caspase cascade activation and amplification pathways.
Jurkat Cells

Antibody-Dependent Cellular Cytotoxicity (ADCC)
The biotechnology revolution has given rise to the emergence of monoclonal antibody (MAb) therapeutics. Although these macromolecules have found utility in the management of several malignant disease conditions, their mechanism(s) of action in most remains unclear. It is believed that at least three modes of target cell destruction are possible: complement-mediated pathway, macrophage phagocytosis of opsonized tumor cells, and cell-mediated cellular cytotoxicity (ADCC) [43] . While the former two have been studied with many classical assays and, certainly, complement and opsonization and their sequelae are "players" in MAb therapeutics, cellmediated cytotoxicity dependent on an antibody has not been well-characterized at the molecular level. Thus, it is now quite timely that, with the availability of a live cell GzB activity assay, MAbs be directly analyzed for their ability to effect the interaction between NK and tumor cells in screening (Figure 9 ) as well as in longitudinal studies throughout the course of an individual patient's therapy. The assay is particularly useful for the latter in determining variations in therapeutic efficacy of a monoclonal antibody such as Rituxan as characteristics of a cancer under treatment can change [44, 45] . Furthermore, insight into the true effector mechanisms of monoclonal antibodies used for inflammatory conditions such as rheumatoid arthritis [46] and vasculitis [47] as well as in anti-T cell antibody therapy used to prevent graft versus host disease (GVHD) subsequent to bone marrow transplantation [48, 49] may also be achieved with studies of the molecular sequelae to the initial binding of antibodies.
Conclusions
In studies described above, it has been shown that by combining probes with complementary spectral properties and discriminatory capability for a variety of protease activities, insight into interacting and dependent pathways can be gained. The significance of probing biochemical activities in environments where the molecular composition and organization accurately represent physiologic states impacts the type and depth of conclusions that can be drawn from the acquired data. Since patterns of activation of protease cascades are believed to be emblematic of pathophysiologic states including cancer metastasis, neurodegeneration, and 
